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Abstract 
 
There is an on-going trend of incorporating optimization techniques into design to achieve energy efficient 
buildings. These techniques are particularly productive if they are applied in the architectural conceptual design stage 
because early design decisions generally have a more profound impact on the final quality of buildings compared with 
decisions made later. In this paper, the concept of energy efficient design optimization techniques is explained, 
followed by a review of the existing techniques and tools. The emphasis is placed on classifying these techniques and 
analyzing their applicability in the conceptual design stage from a perspective of architects. The applicability in the 
conceptual design stage is assessed from four angles, namely data completeness, interoperability with architectural 
models, optimized parameters, and post-processing capability. The results show that none of the existing techniques 
is able to fully address the architect’s needs in the conceptual design stage and therefore, further research and 
development are needed. 
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1. Introduction 
 
In the past 50 years, hundreds of building energy simulation tools (BESTs) have been developed to help architects, 
green building consultants, and other professionals evaluate the energy consumption of buildings. A total of 417 such 
tools are listed on the website of the U.S. Department of Energy [1]. Despite the fact that several studies have proven 
that BESTs have the potential capability to help make correct design decisions, less than 30% of architects employ 
BESTs in design [2]. Early building design stage has a more significant impact on the energy performance than late 
design stages [3]. Approximately 20% of design decisions are made in the early design stage; these decisions account 
for 80% of the total impact on the final building energy performance [4]. However, most of the simulations to validate 
if the design conforms to energy standards and codes are conducted in late design phases. Thus, facilitating energy 
simulation aided building design in the early design stage, specifically in the conceptual design stage, is of great value. 
However, there are some challenges that need to be tackled to achieve the goal. Building energy optimization 
techniques have been proposed and studied to do just that. 
 
1.1. Introduction of building energy optimization 
 
Building energy optimization means optimizing building energy efficiency in design. In other words, building 
energy optimization is a process of identifying the optimal design from a vast number of possible designs that conform 
to energy performance requirements. Building energy optimization integrates conventional design methods with 
simulation-aided design methods to form an automated process, as illustrated in Fig. 1. The process has two critical 
engines that drive the design flow, namely the energy simulation engine and the optimization engine. Optimization 
objective functions are can be energy performance, cost, or thermal comfort. 
 
Fig. 1. Ideal framework of building energy optimization tools 
 
1.2. Previous work 
 
Despite the existence of several reviews relating to building energy optimization tools (BEOTs), no previous 
research has analyzed the functional capability of these tools to satisfy the needs of architects in the conceptual design 
stage. Palonen et al. reviewed several available optimization tools to highlight the features of MOBO, an optimization 
tool they developed [5]. Attia et al. introduced some of the most commonly used optimization tools, namely, GenOpt, 
MATLAB, modeFRONTIER, Topgui, BEopt, and Opt-E-Plus [6]. Using a table, Nguyen et al. compared the 
optimization characteristics of 18 BEOTs [7]. 
The rest of this paper is organized as follows. A classification of existing BEOTs is provided, followed by an 
analysis of the challenges architects face in the conceptual design stage. In addition, assessment criteria are proposed 
based on the needs of architects and optimization characteristics. Furthermore, existing optimization tools are 
compared using the assessment criteria. 
 
2. Classification of existing BEOTs 
 
In the past 20 years BEOTs have been utilized by an increasing number of professionals. From the software 
development perspective, BEOTs can be classified into the following three categories. 
y Stand-alone general optimization tools. Stand-alone general optimization tools are programs that are embedded 
with optimization algorithms. However, these tools cannot perform energy simulation by themselves. When 
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being used for optimization, these optimization engines exchange data with an exterior energy simulation 
program. Stand-alone general optimization engines include GenOpt, MATLAB, Dakota, modeFRONTIER, and 
ModelCenter. These tools have a fairly steep learning curve. Architects are usually not familiar with them. For 
more information, one may refer to [6,7]. 
y Optimization engine oriented tools. Based on optimization engines, these tools are developed primarily for 
building energy optimization. To optimize building energy performance, these tools use an imported energy 
simulation program. The most commonly used ones are GENE_ARCH [8], MOBO [5], jEPlus+EA [9,10,11], 
and MultiOpt 2 [12,13]. All of these tools have a friendly user interface. Hence, optimization engine-oriented 
tools are easier to learn and use than the above mentioned stand-alone general optimization tools. 
y BEST-based optimization tools. These tools are based on mature energy simulation software.  Energy  
simulation and optimization engines are tightly coupled. The optimization engine is well encapsulated, and the 
predefined optimization parameters make it easy to set up an optimization work flow. These tools are easier to 
learn and use than the two types of tools mentioned above. BEST-based optimization tools include DesignBuilder 
optimization module [14], BEopt [15,16], and Opt-E-Plus [17]. 
 
3. Needs and challenges for architects in the conceptual design stage 
 
3.1. Why the conceptual stage? 
 
Architects face challenges in the conceptual design stage because design decisions made in this stage have a 
significant impact on the energy performance of buildings. Generally, building design can be divided into three stages: 
(1) preliminary design, (2) conceptual design, and (3) construction drawing design, as indicated by the Chinese 
standard [18]. Through decisions made in the preliminary design stage have huge impact on the building energy 
consumptions, but these decisions are always made by clients. For example, clients determine how big the building 
is. In the construction drawing design stage, the design decisions can be made with certainty and accuracy. However, 
they have little impact on the final performance of buildings. We focus on decision making in the conceptual design 
stage (color area in Fig.2.) of which architects take change. In Fig.2, the curve line represents the magnitude of design 
influence in different stages and the colored area stands for the conceptual stage. 
 
Fig. 2. Magnitude of design influence in different stages 
 
3.2. Architects conducting energy analysis in the conceptual design stage 
 
Building design is a compound unity of shape, function, form, and technique. Buildings should not only be 
functional and aesthetic but also technically feasible. In recent years, buildings are required to be green or sustainable. 
The objective of green/sustainable buildings calls for an integrated design approach to replace the traditional one. This 
approach integrates performance simulation into the design work flow and is adopted by most design professionals 
nowadays. Architects as natural leaders in the design procedures should be familiar with other knowledge and 
experience aside from the form, function, and aesthetic value of buildings. However, expectant architects lack 
sufficient knowledge and skills to analyze building energy. They always make decisions based on personal experience 
and do qualitative analysis. 
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In the conceptual design stage, architects can only handle parts of the entire energy-related design contents. 
Traditionally, architects are in charge of building space, function, shape, construction, shading, natural ventilation, 
and daylight design. 
In the conceptual design stage, simulation-aided energy design poses a degree of uncertainty. Conventional manual 
trial-and-error simulation-aided energy design is an inefficient and time-consuming process. When conducting a 
decision-making or sensitivity study, one should perform a large number of energy simulation processes. The reasons 
architects are reluctant to use energy simulation tools include (1) lack of user-friendly graphic interface, (2) energy 
simulation tools are not fully compatible with the building design model, and (3) energy simulation tools cannot 
quickly compare the different outcomes of simulation options. 
 
4. Assessment criteria 
 
By summarizing all the above mentioned needs and challenges faced by architects, the following criteria, namely, 
data completeness, interoperability, optimization parameters, and post processing capability, are proposed. 
 
4.1. Data completeness 
 
Building energy simulation technology is a well-developed field after more than 50 years of research. Recently, 
developers have created user-friendly interfaces and databases to reduce the difficulty encountered in energy 
simulation. The sub-criteria of data completeness include the following. 
y Database. A database should contain energy simulation data, various templates, and optimization variables. 
y Intelligent knowledge-data. Intelligently providing energy analysis knowledge will address architects’ lack of 
energy analysis knowledge. 
y Automatic standard compliance. If energy optimization tools are able to automatically generate climate-specific 
building design, the efficiency of energy design will improve. 
 
4.2. Interoperability 
 
Interoperability refers to the capability of BEOTs to exchange data with energy simulation tools and other programs. 
Graphic user interface (GUI) is used as a sub-criteria standing for “exchange data with user.” Hence, this criterion has 
two sub-criteria: (1) “able to import external file?” and (2) “have a GUI?” 
 
4.3. Optimization parameters 
 
Optimization parameters can be categorized into two parts: (1) optimization engine functional parameters and (2) 
optimization design parameters. Optimization engine functional parameters involve uncertainty analysis, parallel 
computing, algorithm selection, and algorithm characteristic setting. Building energy optimization design 
parameters, also known as optimization variables, relate to opaque enclosure design, transparent enclosure design, 
natural ventilation design, daylight design, and shading design. 
 
4.4. Post processing capability 
 
A powerful post processing capability is very helpful for users to visualize, understand, and analyze the 
optimization results. The sub-criteria include (1) user-defined objectives, (2) curve graph that is used to conduct 
sensitivity and parameter analysis, (3) column graph that is used to compare energy compositions and proportions, 
(4) scatter diagram that helps users determine optimal and near-optimal options and the Pareto frontier line, and (5) 
export simulation data. 
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5. Comparison of existing optimization tools 
 
Table 1 summarizes the assessment results of seven commonly used BEOTs using the criteria and sub-criteria 
proposed previously. Fig. 3 illustrates a comparison of these seven tools. 
The comparison results indicate that BEST-based optimization tools have good data completeness, interoperability, 
and usability. Optimization engine oriented tools have a powerful optimization capability but are difficult to use. None 
of these tools can satisfy all the needs of architects. 
 
Table 1. Comparison of existing energy optimization tools 
 
 
 
 
Criteria Sub-criteria 
 
 
 
 
Data 
completeness 
 
 
Interoperability 
 
 
 
 
 
Optimization 
parameters 
 
 
 
 
 
 
 
Postprocessing 
capability 
 
 
 
Y fully capable; P partially capable; blank incapable; ? unknown. 
 
 
Fig. 3. Comparison results of BEOTs 
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Database Y  Y P P Y 
Intelligent knowledge-data P  P ?   
Automatic standard compliance Y  Y Y   
Able to import external file?  Y. Y. Y Y Y Y 
Have a GUI? Y P P Y Y P Y 
Uncertainty analysis       
Parallel computing Y Y Y Y Y  ? 
Algorithm selection   Y  ?   
Algorithm characteristics setting   Y  ?   
Opaque enclosure Y Y P Y Y Y Y 
Transparent enclosure Y Y P Y Y Y Y 
Natural ventilation P ? P P  ? 
Daylight design  Y  Y Y ? 
Shading design P P P P P P 
User-defined objective function  Y Y   ?  
Curve graph   Y     
Column graph Y   Y   
Scatter diagram Y  Y Y Y Y Y 
Data export Y Y ? Y Y ? Y 
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(a) All BEOTs, (b) first four BEOTs, and (c) last three BEOTs 
 
6. Conclusions 
 
This paper analyzes building energy optimization tools and their applicability in the conceptual design stage. From 
the perspective of architects, four criteria are proposed to evaluate the applicability, namely data completeness, 
interoperability, optimization parameters, and post processing capability. Seven commonly used building energy 
optimization tools are assessed using the criteria. It is found that they all have their pros and cons and that none of 
them can fully address an architect’s needs in the conceptual design stage, which indicates and more research is 
warranted to develop better tools for architects to achieve building energy optimization design. 
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